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Abstract 
Life cycle assessments (LCA’s) are performed for many combine harvester, tractor, and planter 
models. The machines will be considered for selection by a farming system seeking to 
accomplish certain tasks on a farm of fixed acreage over a projected time horizon. Metrics are 
designated for each machine type to compare the capabilities and expected environmental 
impacts of machines with similar functions. A system-of-systems approach is applied to the 
farming operation’s decisions regarding the selection and use of its agricultural machinery. The 
goal is to minimize the farm’s total environmental impact by selecting an optimal portfolio of 
machinery and determining the annual usage intensity of each machine. LCA’s are performed to 
generate each machine’s fixed and variable environmental impacts. Environmental impacts will 
be represented in units of kilograms of carbon dioxide equivalent (kg CO2e) as measured by 
IPCC Global Warming Potential 100a using SimaPro 7. 
 
Manufacturing phase and end-of-life phase impacts are considered fixed environmental impacts 
that are accrued upon the machine’s selection into the farming system. Maintenance phase and 
usage phase impacts depend on the usage demand of the machine so are therefore considered 
variable environmental impacts. The optimal portfolio and prescribed usage patterns will differ 
based on the farm’s acreage and projected time horizon. The model also has the ability to limit 
the amount of time devoted to a single operation such as planting or harvesting. This time 
constraint can represent labor availability, weather uncertainty, plant maturity timelines, or 
anything else that could influence the system’s productivity requirement. 
 
 ii
Both publicly available and proprietary data, supplied by an industry partner, are analyzed to 
produce high-integrity LCA scores for each machine. Selective data and distinguishing 
characteristics of machines will be masked or excluded from this report to preserve its 
confidentiality.  
 
Results are simulated and reported for farming systems varying in size and time horizon.  
Conclusions about the general trends and sensitivities of input variables are drawn based on 
results from additional simulations. 
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Chapter 1 
 
 
Introduction 
Life cycle assessment (LCA) is a method of quantifying the total environmental impact that a 
product or service generates throughout its lifetime. LCA enables businesses to identify the most 
environmentally impactful phase in a product’s life cycle so that measures can be taken to reduce 
it. Incorporating LCA into the design phase of a product empowers engineers to design more 
environmentally sustainable products. Although LCA research is mature in complexity, it has yet 
to become a key industry driver and is therefore a low priority in most optimization models.  
 
Life cycle assessments are highly variable in structures and reporting method, which rarely 
makes comparative LCA’s possible. In order to perform a high-integrity comparative life cycle 
assessment, a great deal of sensitive product information must be made available to a single 
party. Consumers and businesses wishing to perform LCA’s have numerous software packages 
and material databases to choose from, each of which originates from a different country using 
data acquired from different research institutions. Drawing conclusions from product LCA’s 
performed by two or more independent parties is more complicated than simply comparing the 
total impact scores; life cycle boundaries and material assumptions must be examined as well.  
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This research utilizes a uniform life cycle boundary structure between different machine types 
and between machine models. The machines all use the same material routing assumptions and 
end-of-life treatment scenarios to ensure the highest level of integrity of the LCA scores being 
compared. These practices will be detailed in later sections. 
 
COSTS TO THE ENVIRONMENT 
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Figure 1.1. The corresponding environmental and economic cost contributors in life cycle 
assessment (LCA) and life cycle costing (LCC) 
 
In both research and practice, the desire to minimize environmental impact is often 
overshadowed by economic objectives seeking to minimize costs or maximize profits. When 
studying the environmental and financial costs of agricultural equipment, as this study does, 
these objectives, while usually conflicting, are actually highly related. Environmental impacts 
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from a machine’s manufacturing, maintenance, usage, and end-of-life phases loosely relate to the 
purchase price, maintenance costs, fuel expenses, and disposal fees. This is shown in Figure 1.1.   
 
Life Cycle Costing (LCC) models include additional financial considerations such as 
depreciation, taxes, and insurance costs, which are generally independent of the machines’ 
predicted environmental impacts, derived through LCA. Unfortunately, tax policies and 
accounting practices tend to overshadow the financial (and environmental) savings achieved 
through efficient life cycle planning. Therefore, the model used in this paper will focus solely on 
the objective to minimize the LCA environmental impact score of a system [1].  
 
1.1 Objective and Scope 
The purpose of this paper is to optimize a system comprised of multiple individual systems. A 
farming system is analyzed as a case study, and an optimization model is created to minimize the 
overall environmental impact of the farm. This is accomplished by optimizing machine selection 
and the prescribed usage pattern of each machine.  
 
Three system types are considered in the farming system model: combine harvesters, tractors, 
and planters.  Figure 1.2 shows the system of systems hierarchy for the farming system case 
study. Figure 1.2 also shows the output variables, in addition to the determination of machine 
models and quantities, which the optimization model seeks to calculate and the parameter values 
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that will be generated with LCA and used by the optimization model. The available models of 
each system type and its usage variables will be discussed in subsequent chapters.  
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Variables 
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‐Duty Cycle      
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Figure 1.2. System of Systems Hierarchy Diagram for a Farming Operation 
 
1.2 Motivation  
The world’s population is increasing at a drastic rate. The United Nations Department of 
Economic and Social Affairs reports that the world population is expected to grow from 6.9 
billion in 2010 to 8.3 billion by 2030. By 2050, that number is expected to reach 9.1 billion. 
With billions of additional mouths to feed, the demand for highly efficient and sustainable 
agricultural systems will be at a maximum [2]. This increased efficiency can be achieved by 
applying a systems-based approach to agricultural decision-making.  
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Each agricultural vehicle or implement used in farming operations is a complex system in and of 
itself. Its lifetime environmental impact, or LCA score, depends heavily on the frequency and 
intensity of its use. A farm requires lots of different types of these complex systems to 
accomplish a variety of tasks throughout the growing season. Large farming operations often 
require duplicates of system types so that a single task can be accomplished by more than one 
machine at a time. Selecting the machines most appropriate for a given farm size and operation 
timeline and operating those machines in an optimal fashion can ensure a farming system meets 
a required level of productivity while minimizing its total environmental impact.  
 
The selection of the optimal portfolio, or fleet, of machines is a complicated optimization 
problem. It is made increasingly complex by incorporating the variability of operator inputs. 
Ideally, for a given farm size (acreage) and annual operator availability (hours spent working), 
there is an optimal fleet and a prescribed usage schedule that will maximize the productivity of a 
farm while minimizing its environmental impact and, effectively, its costs. The model described 
in the following chapters seeks to identify these optimal management decisions given a set of 
available machine LCA’s.   
 
1.3 Previous Research and Related Work 
 
1.3.1 LCA of Complex Products 
The methods and boundary of each vehicle’s LCA generated for this paper adopted many of the 
same practices that were used by Kwak et al. in their 2012 papers about wheel loaders [3,4]. 
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These wheel loader LCA’s, as well as many of the farming equipment LCA’s used in this paper, 
were performed as part of an ongoing collaboration with the product sustainability team at Deere 
& Company. Assumptions have matured and undergone some modifications since these initial 
LCA’s were published; details specific to the products assessed in this paper will be provided in 
later sections.  
 
1.3.2 Comparing LCA’s Using Productivity 
The initial phase of this research was presented at the American Center for Life Cycle 
Assessment conference (LCA XIII) in October of 2013. A poster was displayed that proposed a 
fair method of comparing machines with different life cycle lengths and productivity rates. This 
research has since been expanded to more machine types and models to facilitate the creation of 
a larger-scale system optimization problem using realistic data. 
 
1.3.3 Life Cycle Costing 
Life Cycle Costing (LCC), as previously discussed, was one of the motivators of this study. It 
has received generous attention from researchers since LCA studies rarely incorporate costs.  
LCC optimizes the financial aspects of a farming system by recommending actions that aren’t 
always valuable for the machine’s LCA score. For example, depreciation and tax practices often 
favor premature retirement of equipment. The purchase of new, technologically superior 
machinery can reduce future fuel costs and provide the farming operation with a large tax write-
off for the current year. In 2013, Kwak and Kim developed a model integrating LCC with LCA, 
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which provided a method to analyze the sensitivities of LCC decisions based on hypothetical 
engineering design changes seeking to reduce the overall LCA score of an agricultural vehicle. 
Design modifications that predicted a decrease in per unit cost equal to or greater than the per 
unit decrease in environmental impact savings would be recommended. The results yielded 
evidence that this situation of profitability from environmental savings was only obtainable by 
small margins and as an effect of extreme (+20%) extensions of the machine’s annual operating 
hours or the machine’s longevity (lifetime hours). This further supports the decision of this 
author to optimize the environmental impact score independently of lifetime costs and other 
financial considerations. 
 
1.3.4 Optimum Fleet Selection 
Research has been performed to use life cycle costing models, and other generic cost models, of 
individual systems and incorporate them into optimization problems that use a system-of-
systems approach. Sogaard et al. [6] and Camarena et al. [7] each apply this type of methodology 
to a farming system that seeks to minimize total costs by identifying the optimal fleet selection to 
satisfy all farming operations in a growing season. The strength of these papers was their 
inclusion of an extensive variety of agricultural implement types. Since so many machine types 
(each with its own corresponding agricultural function) were being modeled, they also 
considered the chronological constrictions of the system. Using a projected timeline of weeks 
during the year, they were able to constrain the timespans available for each machine type to 
complete its operation along with the timespans needed in-between operations. Although many 
machine types were considered in these papers, there weren’t many models within each machine 
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type. The optimization was limited to 1-2 choices per machine type. Both models assumed static 
usage parameters, so improvement couldn’t be achieved by varying the speed or productivity of 
a task. Additionally, neither these nor other available fleet assignment models have used 
environmental impact score minimization as an objective for optimal fleet selection.  
 
1.4 Methodology 
Life cycle assessment studies are highly complex and require multiple inputs to ensure accurate 
environmental impact estimations. LCA takes a “cradle to grave” approach to estimate the total 
environmental impact that a product or service will generate throughout its entire lifetime. It 
includes everything from raw material extraction to disposal by way of recycling, landfill, and 
incineration. Figure 1.3 shows the flow of materials, processes, and energy into the LCA. This 
system boundary framework was adopted from the wheel loader LCA study [3]. 
 
1.4.1 Manufacturing Phase 
The manufacturing phase impact comes primarily from material extraction and processing. A bill 
of materials is analyzed to determine the total machine weight and its material composition 
breakdown. Depending on the size and complexity of the product, this list can have as few as 
2,000 parts, like a tractor-towed planting implement does, or it can have over 18,000 parts, like a 
combine harvester does. After determining the product’s material makeup, material routing and 
processing assumptions must be made. Manufacturer part listings don’t always coincide with the 
available materials in SimaPro, so a careful assessment must be done to choose the materials and 
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corresponding processes to use in the model. Determining the material composition for multi-
material parts such as wiring harnesses and circuit boards relied on publicly available weight 
ratio breakdowns and, in some cases, manual dissection and weighting.  
 
 
Figure 1.3. Flow chart of system LCA inputs [3] 
 
Many of the materials used had corresponding processes that were also considered in the 
manufacturing phase. The material weights of parts made of plastics and rubbers were 
supplemented with a proportional amount of injection molding processing. Similarly, metals 
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such as steel, cast iron, and aluminum, among others, utilized an appropriate metalworking 
process and scrap rate reflective of real-life agricultural equipment assembly plants in the United 
States.  
 
The manufacturing phase also includes the environmental impacts from priming and painting the 
machine. This is estimated using surface area and paint application data from the product’s 
assembly plant. Welding is included at a rate of 0.146 meters of welding per 1 kilogram of steel 
present in the machine parts.  
 
Transportation of the parts from the part manufacturer, by way of truck or ship, to the assembly 
plant as well as transportation of the assembled product from the final assembly plant to the user 
is the last input of the manufacturing phase.  
 
1.4.2 Maintenance Phase 
The maintenance phase can be broken into two parts: routine maintenance and replacement parts. 
Routine maintenance includes fluids (oil, grease, coolant, etc.) and parts, like filters, that need to 
be replaced regularly. Replacement parts are parts that were included in the original 
manufactured assembly but aren’t designed to last the entire lifetime of the product. Tires are a 
good example of a replacement part. Maintenance data is compiled using operators’ manuals and 
dealership service schedules. The transportation required to ship the maintenance parts and fluids 
are included in this phase as well.  
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1.4.3 Usage Phase 
Impacts during the usage phase of the agricultural machines being studied are the result of the 
production and combustion of diesel fuel. Usage phase impact is directly related to the quantity 
of diesel fuel required to perform the farming operations with the selected machines. This means 
that in order to find this impact, fuel rates and operator hours that will be used for the next 10-30 
years (depending on machine lifetime) must be estimated. In order to estimate the most accurate 
usage scenarios, a number of sources were used. Public data from John Deere brochures, DLG 
tests [20], and Nebraska tests [19] were used to estimate average fuel rates and duty cycles of the 
farming vehicles.  The duty cycle of a vehicle is the breakdown of work modes by time 
percentage; each work mode has a corresponding fuel rate and engine load factor. The load 
factor is the portion of available engine power (in horsepower or kilowatts) used to perform each 
work mode. Publicly available data was supplemented with field test data and historical customer 
usage profiles provided by Deere & Company. Using historical usage patterns to assist in 
estimating the fuel rate and percentage of time spent performing each work mode enables the 
usage model to most accurately reflect how the machine will be used throughout its lifetime. 
Mitigating the uncertainty surrounding operator usage patterns ensures the integrity of the usage 
phase impact calculation.  
 
1.4.4 End-of-Life Phase 
The end-of-life phase of the LCA includes three options for all materials that have been 
introduced to the system thus far. Steel and iron are recycled at a rate of 90% with the remaining 
sent to landfill. Of the plastics, rubbers, glass, and other materials, 80% is sent to landfill and the 
 11
remaining 20% to incineration. A small portion of transportation is also included in this phase to 
reflect the distance between the consumer and the disassembly plant, landfill, or incineration 
station.  
 
1.4.5 Transportation Distances 
Figure 1.4 displays the average distances calculated for agricultural equipment being 
manufactured and shipped within the United States. The impact from transporting individual 
parts 810 km from the part manufacturer to the assembly plant and the impact from transporting 
the final assembled machine 270 km from the assembly plant to the user are included in the 
manufacturing phase. Impacts from spare parts shipped directly from the part manufacturer 1090 
km to the user are included in the maintenance phase. The end-of-life machine and all end-of-life 
replacement parts are shipped 160 km for recycling or disposal; impacts from this transportation 
are included in the end-of-life phase. 
 
Figure 1.4. Transportation Distances during Manufacturing, Maintenance, and End-of-Life 
 
810 km
 
 
 
Part 
Manufacturer 
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1.5  Data Processing 
 
1.5.1 Data Source and Masking  
The life cycle assessments performed as a precursor to this study were done as part of a 
collaborative research project between the Engineering Systems Optimization Lab in the 
Industrial and Enterprise Systems Engineering Department at the University of Illinois at 
Urbana-Champaign and John Deere Technology Innovation Center of the Research Park at the 
University of Illinois. Data concerning the machines’ material composition, maintenance 
requirements, and usage patterns were provided by John Deere to facilitate the delivery of high-
integrity life cycle assessment studies. Machine model names and distinguishing specifications 
will be masked in an effort to exclude proprietary data from this paper.  
 
1.5.2 Software 
Environmental impact results were generated using SimaPro 7 LCA software. SimaPro was 
developed by PRé Consultants and boasts heavy use worldwide. SimaPro uses a multi-level 
assembly structure in which parts, or sub-components, are sorted into key machine components. 
These components are then sorted into machine functional groups such as hydraulics, electrical 
system, or machine chassis and structures.  An example of this component hierarchy structure 
can be seen in Figure 1.5. This structure facilitates a simple impact assessment of the machine’s 
functional groups or an individual functional group or component, if such a result is desired.  
Microsoft Excel was also used extensively to interpolate LCA scores for simulated machine 
models and to construct the model optimization framework.  
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 Figure 1.5. Example of the 3-tiered component structure used to group machine parts in SimaPro 
 
1.5.3 Material Databases 
The LCA’s performed in this study utilized materials from in the Ecoinvent unit library (version 
2) of SimaPro. This database draws information from LCA studies performed primarily in 
Europe, so the recycled content and scrap rates were changed for some materials to make them 
more reflective of American manufacturing impacts. A few materials from the USLCI library in 
SimaPro were also used when a product-compatible material was unavailable in Ecoinvent.  
 
Database and material routing selections can have a large impact on a single machine’s overall 
LCA score. However, the use of uniform assumptions across all machine models in this study 
helps to mitigate this issue.  
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1.5.4 Scoring Method 
Impact results are determined using a method called Global Warming Potential (GWP), which 
calculates the mass of CO2e, or carbon dioxide equivalent, that the product will contribute to 
greenhouse gas emissions throughout its lifetime. The method used in SimaPro is “IPCC 2007 
GWP 100a”. This means that the impact score is a reflection of the expected greenhouse gas 
effect over a 100-year timespan quantified using the 2007 GWP time horizons published by the 
Intergovernmental Panel on Climate Change. Carbon dioxide equivalent uses scaling factors to 
convert greenhouse gas emissions into a single GWP score in units of kilograms of CO2e. Using 
CO2 as the normalized unit of value 1, quantities of CH4 are scaled by 25, N2O is scaled by 298, 
and other greenhouse gases such as HFC’s, CFC’s, and SF’s are scaled anywhere from 0.4 to 
22,800.   
 
1.6 Organization of the Thesis 
The following chapters will detail the approach taken to minimize the lifetime environmental 
impacts of a farming system by optimizing the selection and usage of its equipment. Chapter 1 
describes the motivation and scope of this thesis paper. Chapter 2 describes the process used to 
generate life cycle assessments for each of the vehicles or implements for which the necessary 
data could be obtained or interpolated. Chapter 2 also proposes a comparison metric to use 
amongst each machine type. Chapter 3 formulates the optimization problem and lists all 
parameter values, constraints, and decision variables needed to generate a result. Results of 
example case studies are reported in Chapter 4. Chapter 5 concludes the paper and discusses 
future work and applications of the research.  
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Chapter 2 
 
 
2 Individual System LCA’s and Comparison Framework 
In order to optimize the environmental impacts of an entire farming system, the individual 
system types must have comparable parameters defined. For agricultural machines, the 
comparison metric used is productivity – how much work is completed in a period of time. The 
objective of the overall system is to minimize environmental impacts for a given farm size over a 
projected time horizon. This is accomplished by minimizing the environmental impacts produced 
by each individual farming operation. This includes both the fixed impacts from manufacturing, 
and then eventually disposing of, the machines and the hourly impacts from maintaining them 
and using them to accomplish tasks. The following sections will outline the effects that each 
machine can have on the overall farming system LCA. The determination of LCA results, 
parameter values, and constraints will also be discussed.   
 
2.1 Combine Harvesters 
The combine harvester, or combine, is the machine responsible for harvesting the crop at the end 
of the growing season (see Figure 2.1). It is a self-propelled vehicle that simultaneously reaps, 
threshes, and separates the grain from the rest of the non-edible organic material in the crop. Its 
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productivity is limited by the amount of grain the combine can process at once, so the usage 
phase is modeled using only two work modes: idle and harvest (or non-idle). Each work mode 
has a corresponding fuel consumption rate. These fuel rates, along with a designation of 75% 
harvest time and 25% idle time, will be used to calculate average hourly fuel consumption, 
environmental impact, and productivity. Five combine LCA’s were performed and all five 
models will be included in the optimization model.  
 
Figure 2.1 John Deere Combine Harvester [22] 
All combine harvester models will be constrained by a maximum lifetime of 5,000 hours. Annual 
usage hours will also be constrained proportionally as a function of the maximum lifetime figure 
and the planned time horizon of the farming system. The model will assume all machines 
experience equally distributed annual use throughout the entire length of the planning timeline.  
 
2.1.1 Manufacturing 
Complete life cycle assessments were performed for each of the five combine models included in 
the optimization model. The manufacturing stage utilized an extensive bill of materials. The list 
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of 18,000+ parts required to assemble each machine were grouped into functional groups and 
assigned material routing assumptions in SimaPro. On average, the machines were comprised of 
about 80% steel, 10% cast iron and other metals, 7% plastics and rubbers, and 3% glass, textiles, 
and other materials. Additional manufacturing considerations such as paint, welding, and 
transportation (detailed in Section 1.4) were incorporated to help calculate each combine 
harvester’s manufacturing stage impact. This value will be considered a fixed environmental 
impact in the optimization model because the impact is generated regardless of the hours of 
operation when it selected for inclusion into the farming system.  
 
2.1.2 Usage 
Usage impacts were calculated using the idle and non-idle duty cycles determined above and 
each of their corresponding fuel consumption rates. The usage phase impact is comprised of two 
parts: fuel production and fuel combustion. Fuel production calculates the impact from 
extracting, refining, and transporting the fuel to the farm, so it varies directly with fuel rate. Fuel 
combustion calculates the global warming potential impact from burning the fuel and producing 
HC, NOx, CO, PM, CO2, and SO2 emissions. The emission rates are functions of the machine’s 
engine and exhaust system, the hourly fuel rate, and the amount of its engine power, in kilowatts, 
that the combine utilizes for each hour of operation. These complex input calculations allow 
SimaPro LCA software to estimate the hourly environmental impact for each machine. This is 
used as the variable, or unit, impact of each hour spent harvesting in the optimization model. 
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2.1.3 Maintenance 
The maintenance phase calculates the impact from replacement parts and fluids used during the 
combine’s lifetime. Maintenance schedules were determined by the recommendations of the 
equipment owner’s manual. In real life, maintenance generally becomes more frequent later in 
the machine’s lifetime after extended use. This model instead assumes a uniform hourly 
maintenance impact calculated from the total lifetime maintenance impact score and the 
maximum product lifetime. The advantage of this approach is that machines used for fewer hours 
than their maximum lifetime will not incur additional maintenance impact for the unused hours. 
This hourly maintenance impact and the hourly usage impact are summed to determine the 
variable environmental impact per hour of harvesting. 
 
2.1.4 End-of-life 
The end-of-life phase applies the disposal scenario detailed in section 1.4.4 to all materials 
generated as part of the manufacturing and maintenance phases. The entire end-of-life impact is 
added to the manufacturing impact to determine the fixed environmental impact of each 
combine. 
 
2.2 Tractors 
Tractors are used for a variety of jobs in a generic farming system (see Figure 2.2). Most often 
they are used to tow other agricultural machines, or implements, that plow farmland, apply 
fertilizer, or plant seeds. The optimization model will select a tractor based on planter 
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compatibility. The case study will include four sizes of row-crop tractors, which are compatible 
with the model’s included planter options. The tractor engines can be configured to have 
different power availability, so a single tractor size can come in multiple configurations. 
Fourteen tractor options will be included in the optimization model.  
 
Figure 2.2 John Deere Row-Crop Tractor [22] 
Tractors will use an assumed maximum lifetime of 15,000 usage hours. The time horizon of the 
planning period will use this maximum lifetime value to constrain the annual tractor hours. 
Tractor usage will be split between planting hours and independent usage hours. The planting 
hours will depend on the farm size and the planter selected. Independent tractor hours will also 
be determined by certain planting metrics; a description of the method used will be detailed in 
later sections.  
 
2.2.1 Manufacturing 
Thorough material composition analyses were performed for two tractor sizes (10,000 kg and 
13,600 kg). The other two tractor sizes adopted the same material compositions but were scaled 
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linearly to account for the increased weight. Table 2.1 shows that the material breakdown 
assignments were assigned based on tractor class (A or B), and Figure 2.3 shows which materials 
these material breakdowns contain. In addition to scaling the weight composition within tractor 
class, the manufacturing, maintenance, and end-of-life impacts were also scaled using the ratio of 
tractor weights. Models with the same weight will therefore share the same impact values for all 
phases except usage. 
 
Table 2.1: Material breakdown composition assignment for tractor models 
Tractor Model Tractor Weight (kg) Material Breakdown 
1, 2, 3 10,000 
Class A 
4, 5 11,900 
6, 7, 8, 9, 11, 13 13,600 
Class B 
10, 12, 14 15,800 
 
 
46%
29%
9%
4%
5%
1%
1% 1% 3%
Class A Breakdown
steel
cast iron
rubber
plastic
stainless steel
aluminum
oil
glass
others
55%
27%
6%
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Class B Breakdown
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rubber
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stainless steel
aluminum
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glass
others
Figure 2.3. Material breakdowns used in to calculate each tractor’s manufacturing impact 
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Similarly as was done for combine harvester models, paint, welding, and transportation inputs 
were incorporated into the manufacturing phase to produce the fixed manufacturing impact for 
each tractor.  
 
2.2.2 Usage 
Tractor usage is heavily dependent on the frequency and intensity of its work modes. The 
tractors used in this farming system are used for planting (modeled in the next section) and a 
number of other tasks. Since the model does not specifically include modeling for these 
additional operations, the most accurate way to estimate the tractor’s duty cycles is to base it on 
historical user data. Time-weighted average fuel rates were obtained with the help of John Deere 
telematics; these fuel rates are used to calculate the hourly environmental impact all independent, 
non-planting, tractor hours.  
 
2.2.3 Maintenance 
The two tractor sizes with model-specific manufacturing data available also underwent a 
thorough maintenance analysis. Fluid and part replacement intervals recommended in the vehicle 
operator’s manuals were used to model the maintenance phase. The total maintenance phase 
impact was then calculated with SimaPro LCA software. Tractor models with matching machine 
weights are assumed to have identical maintenance impacts. As previously mentioned, 
maintenance impacts for tractors with non-matching machine weights use the available 
maintenance impact from the tractor in the same class (A or B) as a baseline and scale it linearly 
 22
by weight ratio. The lifetime maintenance impact from each tractor is then divided by the 
maximum tractor lifetime to calculate the maintenance impact per hour of tractor use. This 
variable environmental impact will be multiplied by the sum of planting hours and the number of 
independent work hours to determine its contribution to the farming system’s LCA score. 
 
2.2.4 End-of-life 
The end-of-life impacts were generated in SimaPro for two tractor weights. The remaining 
tractors use the same weight-ratio scaling method that the lifetime maintenance and lifetime 
manufacturing impacts use. The end-of-life impact is added to the manufacturing impact to 
represent the fixed environmental impact accrued when its respective tractor model is 
recommended for inclusion into the overall farming system.  
 
2.3 Planting Implements 
Planting requires the use of two independent machines: a row-crop tractor and a drawn planter 
towed behind it (see Figure 2.4). Planters can come in different widths to plant up to 48 rows at 
once. In addition to the increased power load required to move the tractor when a planter is beig 
towed, planters also draw hydraulic and electrical power from the tractor in order to power its 
moving parts. This means that the tractor must have enough available engine power to meet all 
these requirements. If the tractor’s power availability is too low for a certain planter and speed 
combination, then the pairing is considered infeasible and excluded from the model. Thorough 
LCA’s were performed for two 24-row planter types (X and Y). The results of these LCA’s were 
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then manipulated to estimate the impact scores for 16-row and 12-row planter models of the 
same types. 
 
Figure 2.4. John Deere Planter towed by John Deere Row-Crop Tractor [22] 
The lifetime of the planters will be based on the number of acres they plant, not the number of 
usage hours. This maximum lifetime acreage is a function of the planter size (number of row 
units). A 24-row planter can plant 70,000 acres of corn seed in its lifetime while a planter with 
only 12 rows can plant only 35,000 acres, or half the lifetime productivity of the 24-row planter. 
A 16-row planter, therefore, will assume a maximum lifetime acreage of 46,667 acres. The speed 
at which planting occurs is determined by the planter-tractor pair’s interactive capabilities. 
Productivity increases proportionally with speed increases, but fuel rate is slightly more 
sensitive. In addition to model selection and annual planting hours required, the optimization 
model will determine an optimum planting speed so as not to compromise yield potential, but 
still minimize the total farming system’s lifetime environmental impact.   
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2.3.1 Manufacturing, Maintenance, and End-of-Life 
The manufacturing, maintenance, and end-of-life impacts for the initial two 24-row planter 
LCA’s were calculated in SimaPro. The additional planter models available in the optimization 
model use these impacts as a baseline but scale them linearly by the number of row units (i.e. the 
16-row planters scale the generated manufacturing, maintenance, and end-of-life impacts by 2/3 
and the 12-row planters scale them by 1/2). Manufacturing and end-of-life impacts are combined 
to produce the fixed environmental impact for each planter. The maintenance impacts are divided 
by the maximum lifetime planting acreage (approximately 2900 acres per row unit) to represent 
the maintenance score from the planting operation in terms of environmental impact per acre 
planted. 
 
2.3.2 Usage 
The number of planting hours is a function of the fixed farm acreage and the planting 
productivity rate. The planting productivity rate is the number of acres planted per hour and is a 
function of a planter’s selected speed and number of row units. Planting hours will contribute to 
the total number of tractor hours. Planting fuel rates will be used for these tractor hours, while 
the remaining tractor hours use average fuel rates from historical usage data. Both planter and 
tractor maintenance unit impacts will be applied to the hours or acres planted.  
 
The two planter types (X and Y) are slightly different in productivity potential. For both, 
planting speed is constrained by a limited planting window on the minimum side and by row 
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spacing accuracy on the maximum side. Planting at speeds outside of this range can negatively 
influence the yield potential of the crop. For this reason, type X planters will be limited to speeds 
of 5, 6, 7, 8, or 9 mph. Type Y planters are limited to a speed of 5 mph. Realistically, speed can 
be represented as a continuous variable, but discrete values are used to simplify the optimization 
model and account for inaccuracy in operator speed control for unit significances greater than 1 
mph.  
 
2.4 Chapter Summary 
The previous sections detailed the methods used to generate (or simulate) each combine, tractor, 
and planter LCA. The impact scores from these LCA studies are used as the fixed and variable 
parameter values in the model. Lifetime usage constraints for each machine and productivity 
metrics have also been discussed in this chapter. The following chapter will contain the complete 
list of available machine models as well as their respective productivity rates and environmental 
impacts.   
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Chapter 3 
 
 
3 System of Systems Comparison Framework 
Previous chapters describe the steps taken to obtain the following impact assessment data. Some 
data has been normalized or masked, and other data has been purposely excluded to protect 
proprietary information of the industry partner.  
 
3.1 System Objective 
The objective of this problem is to minimize the total environmental impact generated by several 
systems used to accomplish different types of work on a farm. Some impacts are fixed (a 
function of machine selection and quantity) and other impacts are variable (a function of the 
work performed by each of the individual machine types).  
 
3.2 System Inputs 
The decision framework of the overall system will require some farm-specific input parameters. 
First, the farm size (in acres) must be defined. Next, the projected time horizon must be selected. 
The optimization model is constrained to ensure that the equipment and usage rates of the 
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optimal solution will facilitate 100% acreage use for 100% of the forecasted timeline. If a 
machine will run out of available lifetime hours or available lifetime acreage prematurely, then 
the model must select an additional machine to perform the excess work or a larger, more 
productive machine. The system can also impose a maximum planting window or a maximum 
harvest window to ensure the optimal solution satisfies a minimum rate of productivity.  
 
3.3 Combine Harvester Parameters and Constraints 
Five combine models will be considered in the fleet selection model: {A, B, C, D, E}. Each 
combine has its own fixed productivity rate and environmental impact parameter values. These 
values are shown in Table 3.1. Harvesting productivity is measured in terms of acres per hour. 
Combines’ productivity rates are limited by the amount of grain that the machine can harvest in a 
given time period. These values, originally represented as bushels harvested per hour, were 
translated into acres per hour using an assumed yield potential of 200 bushels of corn per acre. 
The fixed impact of each combine accounts for the manufacturing and disposal phases in its 
LCA. The hourly impact reflects the combined hourly impact from maintenance and usage 
phases. The combines have a maximum lifetime use of 5000 hours.  
 
Given the combine parameter values in Table 3.1 and the farming system’s input parameters, the 
optimal combine harvester(s) selection can be made. The hours of annual combine harvester 
usage is calculated simultaneously.  
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Table 3.1. Combine Parameter Values 
Environmental Impact (kg CO2e) Productivity 
Combine Fixed Impact Hourly Impact Acres per hour 
A 84839 149 3.56 
B 86506 169 4.19 
C 88151 179 4.61 
D 95996 227 5.03 
E 95996 249 5.86 
 
 
3.4 Tractor Parameters and Constraints 
Fourteen tractor models are considered in the model: {1, 2, …, 13, 14}. Tractors 1-5 are in Class 
A and tractors 6-14 are in Class B. Classes are used to assign manufacturing, maintenance, and 
end-of-life interpolation assumptions used to calculate the fixed and hourly maintenance impacts. 
Each tractor has a unique average duty cycle and fuel rate, estimated from real-life customer 
usage data obtained through the use of telematics. This information is used to calculate the 
hourly environmental impact for each tractor’s independent usage hours. Productivity is not a 
factor for independent tractor work hours. The tractor impact parameter values can be seen in 
Table 3.2. Each tractor can operate for a maximum lifetime of 15,000 hours.  
 
The number of independent tractor use hours will be determined as part of the optimization 
problem. This value will depend on the planter, the planting hours, and the maximum annual 
available tractor hours. The proportion of the planter’s maximum lifetime acreage that it will 
actually plant is the same proportion that is applied to the available non-planting hours remaining 
 29
in each tractor’s lifetime. For example, if  a 24-row planter is only expected to plant 35,000 acres 
throughout its lifetime, then a ratio of 35,000/70,000, or ½, will be applied to the remaining 
tractor hours (maximum annual tractor hours less annual planting hours) to determine the amount 
of  independent tractor work hours to include in the lifetime impact calculation. The optimal 
tractor model and quantity selection are determined by the optimization problem.   
Table 3.2. Tractor Parameter Values 
Environmental Impact (kg CO2e) 
Tractor Fixed Impact Hourly Usage Impact (non-planting) 
Hourly Maintenance 
Impact 
1 49308 66.7 1.7 
2 49308 69.5 1.7 
3 49308 75.4 1.7 
4 58863 79.2 2.0 
5 58863 89.1 2.0 
6 59599 81.1 1.7 
7 59599 91.3 1.7 
8 59599 100.5 1.7 
9 59599 108.1 1.7 
10 69363 114.9 2.0 
11 59599 117.3 1.7 
12 69363 127.7 2.0 
13 59599 123.4 1.7 
14 69363 138.5 2.0 
 
 
3.5 Planter Parameters and Constraints 
Six planters will be considered in the optimization model: {Y24, Y16, Y12, X24, X16, X12}. 
The two types of planters, X and Y, have different speed constraints and different LCA impacts. 
Planter type and number of row units are apparent from each model name, but they are also 
included in Table 3.3 along with the planter-specific environmental impacts.  
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Table 3.3. Planter Parameter Values 
Environmental Impact (kg CO2e) 
Model # Rows Fixed Impact 
Maintenance 
Impact per Acre 
Y24 24 50491 0.17 
Y16 16 33661 0.12 
Y12 12 25245 0.09 
X24 24 52796 0.17 
X16 16 35197 0.12 
X12 12 26398 0.09 
 
3.6 Multi-Dependency Parameters and Constraints 
3.6.1 Planter-Speed Pairings 
Planting productivity is dependent on the number of row units a planter has and the speed at 
which it is towed. The productivity rate (in acres per hour) is listed for each feasible planter-
speed combination in Table 3.4. Recall that towing these planters at any speed outside of these 
ranges reduces the potential yield of the crop. The productivity rate is also constrained by the 
minimum planting window, if the farming system requires one.  
Table 3.4. Planting productivity rates (acres planted per hour) for feasible Planter/Speed pairings  
Speed (mph) 
Planter 5 6 7 8 9 
Y24 36.36         
Y16 24.24         
Y12 18.18         
X24 36.36 43.64 50.91 58.18 65.45 
X16 24.24 29.09 33.94 38.79 43.64 
X12 18.18 21.82 25.45 29.09 32.73 
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3.6.2 Tractor-Planter-Speed Pairings 
Hourly usage impacts are calculated from the tractor’s fuel rates which are highly sensitive to 
speed and planter power requirements. Their formulation is excluded for confidentiality 
purposes. The hourly usage impacts for planting are listed for all feasible tractor-planter-speed 
combinations in Tables 3.5-3.7. 
 
Table 3.5. Environmental impacts (kg CO2e) for feasible Tractor/Planter pairings at 5 mph  
5 mph Planter 
Tractor Y24 Y16 Y12 X24 X16 X12 
1 144.247 100.620 78.939   109.202 87.848 
2 137.403 97.939 78.393 153.495 109.202 87.240 
3 137.930 97.582 77.573 154.083 108.803 86.328 
4 142.141 100.084 76.481 158.788 109.600 85.112 
5 148.459 102.229 78.120 163.493 113.984 86.936 
6 143.553 103.605 79.171 160.365 112.097 88.106 
7 139.299 101.439 77.516 155.613 109.280 86.264 
8 139.831 97.107 74.206 152.643 108.273 82.580 
9 136.907 95.663 73.102 152.940 106.663 81.352 
10 144.882 102.883 78.619 161.849 114.713 87.492 
11 134.248 92.414 70.620 149.971 103.041 78.590 
12 141.692 98.912 75.585 158.286 110.286 84.115 
13 144.084 97.829 74.757 158.880 109.078 83.194 
14 153.123 103.966 79.447 169.274 115.921 88.413 
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Table 3.6a (left) Environmental Impacts (kg CO2e) for feasible Tractor/Planter pairings at 6 mph 
Table 3.6b (right) Environmental Impacts (kg CO2e) for feasible Tractor/Planter pairings at 7 mph  
6 mph Planter   7 mph Planter 
Tractor X24 X16 X12   Tractor X24 X16 X12 
1   122.051 95.469   1   134.900 105.369
2   116.260 92.925   2   128.499 102.562
3   121.605 96.317   3   128.992 102.188
4 177.780 122.496 94.960   4   135.392 104.808
5 183.048 125.614 96.995   5 202.603 138.838 107.054
6   125.287 98.300   6   134.250 105.281
7 174.225 122.138 96.245 7   134.996 106.227
8 170.901 118.314 92.135   8 189.158 130.770 101.690
9 166.246 119.214 90.765   9 184.006 128.035 100.178
10 172.895 128.211 97.615   10 191.366 135.493 107.739
11 165.581 115.165 87.683   11 183.270 127.289 96.776 
12 172.230 123.262 93.848   12 190.630 136.239 103.580
13 177.883 121.913 92.820   13 194.310 134.747 102.446
14 189.520 129.560 98.643   14 207.558 143.200 108.873
 
 
Table 3.7a (left) Environmental Impacts (kg CO2e) for feasible Tractor/Planter pairings at 8 mph 
Table 3.7b (right) Environmental Impacts (kg CO2e) for feasible Tractor/Planter pairings at 9 mph 
8 mph Planter 9 mph Planter 
Tractor X24 X16 X12 Tractor X24 X16 X12 
1   112.199 95.469 1     121.836
2   112.199 92.925 2   152.978 116.055
3   111.789 96.317 3   153.564 121.391
4   112.608 94.960 4   158.253 122.280
5   117.113 96.995 5   162.942 125.393
6   115.174 98.300 6   159.824 125.066
7   112.279 96.245 7   155.089 121.923
8   111.245 92.135 8   152.129 118.105
9 201.766 109.591 90.765 9   152.425 119.004
10 209.836 117.862 97.615 10   161.304 127.985
11 200.959 105.869 87.683 11 218.647 149.466 114.962
12 209.029 113.313 93.848 12 227.428 157.753 123.045
13 213.064 112.072 92.820 13 231.819 158.345 121.698
14 227.592 119.103 98.643 14 247.625 168.704 129.332
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The optimization program will determine which planter-tractor pair(s) to include in the solution 
and at what speed the planting operation should be performed. These results will then allow the 
computation of the total planting hours. 
 
3.7 Chapter Summary 
In this chapter, the productivity rate comparison metrics and environmental impact parameter 
values were generated for each machine model. These parameter values and constraints can now 
be applied to specific farming systems. Due to the disjointed nature of the two main farming 
operations, harvesting and planting, optimum combine harvester decisions can be generated 
independently of planter and tractor decisions. The following chapter will contain the optimum 
fleet selection and prescribed usage pattern results generated to minimize the total lifetime 
environmental impact of farming systems with various sizes and productivity constraints.  
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Chapter 4 
 
 
4 Farming Operation Case Study Results 
Results from a few different farming operations will be presented in this chapter. The farms vary 
in size, lifetime, and productivity requirements. General conclusions about the trends observed 
during result generation will also be discussed.  
 
4.1 Method Used to Determine Results 
Decision variables concerning combines and harvesting hours were generated independently 
from the planting operation and its associated equipment. This reduced the computational 
complexity of the problem and allowed the problems to be solved by calculating the lifetime 
impacts of all 222 feasible tractor-planter-speed combinations in the model. This required that a 
constraint be introduced to allow only one model of each machine type to be included in the 
optimal solution. Ideally, the solution would instead mix-and-match machine models until 
identifying a fleet capable of meeting all lifetime operation requirements while simultaneously 
maximizing the amount of available lifetime hours/acres that will be used during lifetime 
operations. Alternatively, this constraint can be justified for large agricultural systems because 
shared machine models provide the farm with maintenance benefits.  
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4.2  Case 1: 1,000 acres, 30 years, 48 hour planting window 
Results of the first case study are listed below. Lifetime environmental impact scores were 
calculated for each of the 222 feasible tractor-planter-speed combinations; the 30 results with the 
lowest total impact scores are shown in Table 4.1. Lifetime impact results were also calculated 
for each combine harvester option. These results are shown in Table 4.2. 
Table 4.1: Solutions for Case 1 Planting Operations 
Farming System Inputs 
Acreage 1000 acres 
Timeline 30 years 
Planting 
Window 48 hours 
Planter 
Model 
Tractor 
Model 
Planting 
Speed 
(mph) 
Annual 
Planting 
Hours 
Annual 
Independent 
Tractor Hours 
Planting/Tractor 
System Lifetime 
Impact (kg CO2e) 
Lifetime 
impact 
increase 
Productivity 
Increase 
X12 1 9 30.6 201.2 469985 0.0% 0.0% 
X12 1 8 34.4 199.6 471716 0.4% -11.1% 
X16 1 8 25.8 203.2 484300 3.0% 18.5% 
X12 1 7 39.3 197.4 477251 1.5% -22.2% 
X16 1 7 29.5 201.7 487058 3.6% 3.7% 
X16 1 6 34.4 199.6 490735 4.4% -11.1% 
Y12 1 5 55.0 190.7 472797 0.6% -44.4% 
X12 1 5 55.0 190.7 488590 4.0% -44.4% 
X12 1 6 45.8 194.6 480408 2.2% -33.3% 
X12 2 9 30.6 201.2 476507 1.4% 0.0% 
Y16 1 5 41.3 196.6 483808 2.9% -25.9% 
X16 2 9 22.9 204.5 488870 4.0% 33.3% 
X12 2 8 34.4 199.6 483442 2.9% -11.1% 
X16 1 5 41.3 196.6 495884 5.5% -25.9% 
X16 2 8 25.8 203.2 490819 4.4% 18.5% 
X12 2 7 39.3 197.4 485544 3.3% -22.2% 
X16 2 7 29.5 201.7 493249 5.0% 3.7% 
Y24 1 5 27.5 202.5 503532 7.1% 11.1% 
X16 2 6 34.4 199.6 496489 5.6% -11.1% 
Y12 2 5 55.0 190.7 483102 2.8% -44.4% 
X12 2 5 55.0 190.7 498792 6.1% -44.4% 
X12 2 6 45.8 194.6 488347 3.9% -33.3% 
Y16 2 5 41.3 196.6 492043 4.7% -25.9% 
X16 2 5 41.3 196.6 507436 8.0% -25.9% 
Y24 2 5 27.5 202.5 509785 8.5% 11.1% 
X24 2 5 27.5 202.5 525245 11.8% 11.1% 
X12 3 9 30.6 201.2 506167 7.7% 0.0% 
X16 3 9 22.9 204.5 514444 9.5% 33.3% 
X12 3 8 34.4 199.6 507586 8.0% -11.1% 
X16 3 8 25.8 203.2 516257 9.8% 18.5% 
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Note that for some tractor-planter-speed combinations, the annual planting hours exceed the 
minimum planting window of the farming system. These solutions are therefore deemed 
infeasible. The results recommend that planter X12 be selected for use with tractor model 1 and 
they should operate at a speed of 9 mph. This selection results in an annual planting window of 
30.6 hours and a minimum lifetime environmental impact. Planting productivity rate can be 
increased by 33.3% by instead selecting the X16 planter, tractor model 2, and a 9 mph planting 
speed. If this is done, the lifetime impact score will only increase by 4%. 
 
Table 4.2: Solutions for Case 1 Harvesting Operations 
Combine 
Model 
Quantity 
Required 
Harvesting 
Window 
Lifetime 
Harvesting 
Impact 
% time 
reduction 
% lifetime 
impact 
increase 
A 2 140 1286917 -29.4% 4.4% 
B 2 119 1262451 -10.0% 2.4% 
C 2 109 1232552 0.0% 0.0% 
D 2 100 1434183 8.4% 16.4% 
E 2 85 1371729 21.4% 11.3% 
 
The harvesting process is modeled and optimized independently of the planting process. The 
results indicate that this farming system will need 2 combines to accomplish the total lifetime 
workload. The minimum environmental impact is achieved when 2 model C combines are 
chosen. As in the planting case, the productivity rate of the harvesting process can be increased 
by 21.4% with only an 11.3% increase in total lifetime impact.  
 
4.3 Case 2: 500 acres, 30 years, 48 hour planting window 
This case is very similar to Case 1, but instead considers a system with only half the acreage. The 
optimal machine and usage decision results can be seen in Tables 4.3 and 4.4. 
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Table 4.3: Solutions for Case 2 Planting Operations  
Farming System Inputs 
Acreage 500 acres 
Timeline 30 years 
Planting Window 48 hours 
Planter 
Model 
Tractor 
Model 
Planting 
Speed 
(mph) 
Annual 
Planting 
Hours 
Annual 
Independent 
Tractor Hours 
Planting/Tractor 
System Lifetime 
Impact (kg CO2e) 
Lifetime 
impact 
increase  
Productivity 
Increase  
X12 1 9 15.3 103.9 277440 0.0% 0.0% 
X12 1 8 17.2 103.5 278880 0.5% -11.1% 
X12 2 9 15.3 103.9 280894 1.2% 0.0% 
Y12 1 5 27.5 101.3 281946 1.6% -44.4% 
X12 1 7 19.6 102.9 282386 1.8% -22.2% 
X12 1 6 22.9 102.2 284949 2.7% -33.3% 
X12 2 8 17.2 103.5 284959 2.7% -11.1% 
X12 2 7 19.6 102.9 286780 3.4% -22.2% 
Y12 2 5 27.5 101.3 287444 3.6% -44.4% 
X16 1 8 12.9 104.4 288279 3.9% 18.5% 
X12 2 6 22.9 102.2 289207 4.2% -33.3% 
Y16 1 5 20.6 102.7 289591 4.4% -25.9% 
X16 1 7 14.7 104.0 290212 4.6% 3.7% 
X16 2 9 11.5 104.7 290278 4.6% 33.3% 
X12 1 5 27.5 101.3 290418 4.7% -44.4% 
X16 2 8 12.9 104.4 291701 5.1% 18.5% 
X16 1 6 17.2 103.5 292789 5.5% -11.1% 
X16 2 7 14.7 104.0 293493 5.8% 3.7% 
Y16 2 5 20.6 102.7 293968 6.0% -25.9% 
X12 2 5 27.5 101.3 295866 6.6% -44.4% 
X16 2 6 17.2 103.5 295883 6.6% -11.1% 
X12 3 9 15.3 103.9 296127 6.7% 0.0% 
X16 1 5 20.6 102.7 296397 6.8% -25.9% 
X12 3 8 17.2 103.5 297485 7.2% -11.1% 
X12 3 7 19.6 102.9 299231 7.9% -22.2% 
Y12 3 5 27.5 101.3 299233 7.9% -44.4% 
X16 2 5 20.6 102.7 302433 9.0% -25.9% 
X16 3 9 11.5 104.7 303367 9.3% 33.3% 
X12 3 6 22.9 102.2 304125 9.6% -33.3% 
X16 3 8 12.9 104.4 304760 9.8% 18.5% 
 
The same optimal machine results are generated as were in Case 1. Planter model X12, tractor 
model 1, and a 9 mph tow speed again generate the lowest total environmental impact.  The 
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farming system can still upgrade to the X16 planter to boost planting productivity by 33.3%, but 
in this case, the total lifetime environmental impact increases by 4.6%.  
 
Table 4.4: Solutions for Case 2 Harvesting Operations 
Combine 
Model 
Quantity 
Required 
Harvesting 
Window 
Lifetime 
Harvesting 
Impact 
% time 
reduction 
%lifetime 
impact 
increase 
A 1 140 643458 -29.4% 4.4% 
B 1 119 631226 -10.0% 2.4% 
C 1 109 616276 0.0% 0.0% 
D 1 100 717092 8.4% 16.4% 
E 1 85 685865 21.4% 11.3% 
 
Case 2 also identifies combine model C as the optimal harvester decision. This time, however, 
only 1 combine is needed. Harvesting productivity can again be increased by 21.4% but would 
generate an 11.3% higher impact score. 
 
4.4 Case 3: 2,000 acres, 35 years, 48 hour planting window 
This case was performed to explore the tradeoffs associated with multiple quantities of machines.  
A farming operation responsible for planting and harvesting 2000 acres each year for a 35-year 
period (a total workload of 70,000 acres) will place important attention on the planter lifetime 
constraints. Recall that a 24-row planter is capable of planting up to 70,000 acres in its lifetime 
while a 12-row planter can only accomplish half of that. The results for this case (Tables 4.5 and 
4.6) illustrate the tradeoffs between increasing machine quantities versus increasing machine 
sizes. The maximum planting window is still constrained to 48 hours, so some of the top 40 
results shown are deemed infeasible.  
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Table 4.5: Solutions for Case 3 Planting Operations 
Farming System Inputs 
Acreage 2000 acres 
Timeline 35 years 
Planting Window 48 hours 
Planter 
Model 
Tractor 
Model 
Quantity of 
Plant.-Tract. 
Pairs 
Planting 
Speed 
(mph) 
Annual 
Hours 
per 
Planter 
Annual 
Independent 
Hours per 
Tractor 
Planting/Tractor 
System Lifetime 
Impact (kg 
CO2e) 
Lifetime 
impact 
increase 
Productivity 
increase 
Y24 1 1 5 55.0 373.6 990102 -13.2% -16.7% 
Y24 2 1 5 55.0 373.6 1002536 -12.1% -16.7% 
X24 2 1 5 55.0 373.6 1035577 -9.2% -16.7% 
Y24 3 1 5 55.0 373.6 1057205 -7.3% -16.7% 
X24 3 1 5 55.0 373.6 1090365 -4.4% -16.7% 
Y24 4 1 5 55.0 373.6 1109370 -2.8% -16.7% 
Y24 6 1 5 55.0 373.6 1138084 -0.2% -16.7% 
X24 4 1 6 45.8 382.7 1140785 0.0% 0.0% 
X24 4 1 5 55.0 373.6 1143479 0.2% -16.7% 
X24 6 1 5 55.0 373.6 1172511 2.8% -16.7% 
Y24 5 1 5 55.0 373.6 1212583 6.3% -16.7% 
Y24 7 1 5 55.0 373.6 1224606 7.3% -16.7% 
X24 5 1 7 39.3 389.3 1241760 8.9% 16.7% 
X24 5 1 6 45.8 382.7 1242521 8.9% 0.0% 
X24 5 1 5 55.0 373.6 1243588 9.0% -16.7% 
X24 7 1 5 55.0 373.6 1258075 10.3% -16.7% 
X24 7 1 6 45.8 382.7 1258733 10.3% 0.0% 
Y24 8 1 5 55.0 373.6 1310585 14.9% -16.7% 
X24 8 1 5 55.0 373.6 1337313 17.2% -16.7% 
X24 8 1 6 45.8 382.7 1340439 17.5% 0.0% 
X24 8 1 7 39.3 389.3 1342671 17.7% 16.7% 
Y24 9 1 5 55.0 373.6 1374464 20.5% -16.7% 
X24 9 1 6 45.8 382.7 1404186 23.1% 0.0% 
X24 9 1 5 55.0 373.6 1407393 23.4% -16.7% 
X24 9 1 7 39.3 389.3 1408020 23.4% 16.7% 
Y16 1 2 5 41.3 290.5 1409024 23.5% 11.1% 
X24 9 1 8 34.4 394.2 1410895 23.7% 33.3% 
X16 1 2 8 25.8 302.1 1425810 25.0% 77.8% 
X16 1 2 7 29.5 299.3 1428368 25.2% 55.6% 
X16 1 2 6 34.4 295.6 1431780 25.5% 33.3% 
X16 1 2 5 41.3 290.5 1436556 25.9% 11.1% 
Y16 2 2 5 41.3 290.5 1441110 26.3% 11.1% 
X16 2 2 9 22.9 304.2 1453068 27.4% 100.0% 
X16 2 2 8 25.8 302.1 1454576 27.5% 77.8% 
Y24 11 1 5 55.0 373.6 1455114 27.6% -16.7% 
X16 2 2 7 29.5 299.3 1456206 27.6% 55.6% 
X16 2 2 6 34.4 295.6 1458379 27.8% 33.3% 
Y24 10 1 5 55.0 373.6 1462987 28.2% -16.7% 
X16 2 2 5 41.3 290.5 1476382 29.4% 11.1% 
X24 11 1 5 55.0 373.6 1487444 30.4% -16.7% 
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Table 4.6: Solutions for Case 3 Harvesting Operations 
Combine 
Model 
Quantity 
Required 
Harvesting 
Window 
Lifetime 
Harvesting 
Impact 
% time 
reduction 
%lifetime 
impact 
increase 
A 4 140 2946246 -29.4% 4.6% 
B 4 119 2888049 -10.0% 2.5% 
C 4 109 2817188 0.0% 0.0% 
D 3 133 3186434 -22.2% 13.1% 
E 3 114 3040708 -4.8% 7.9% 
 
The optimal planting scenario is identified to be planter model X24 towed by tractor model 4 at a 
speed of 6 mph. This corresponds with the lowest feasible lifetime environmental impact that 
meets the planting window requirement. The production rate can be doubled by selecting planter 
model X16, tractor model 2, and a planting speed of 9 mph; however this results in a 27.4% 
increase in lifetime environmental impact. Other productivity levels are achievable between 
these two, but the ratio of productivity increase to environmental impact increase is lowest for 
the alternative scenario described. 
 
The optimal harvester selection for Case 3 is a fleet of 4 model C combines. This scenario 
produces the lowest lifetime harvesting impact and also, for a change, the highest productivity 
rate. The reason for this is because combine models D and E can only justify the necessity for 3 
combines, while models A, B, and C each require 4. The additional fixed impacts that are added 
to the lifetime score when a fourth combine in included are compensated for by the impact 
savings achieved by selecting a harvester model with a significantly lower hourly impact. 
 
4.5 Case 4: 10,000 acres, 30 years, 60 hour planting window 
This case further explores the tradeoffs between machine quantity and size. Both acreage and 
planting window constraints are increased from Case 3. Results are shown in Tables 4.7 and 4.8.  
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Table 4.7: Solutions for Case 4 Planting Operations 
Farming System Inputs 
Acreage 10000 acres 
Timeline 30 years 
Planting Window 60 hours 
Planter 
Model 
Tractor 
Model 
Quantity of 
Plant.-Tract. 
Pairs 
Planting 
Speed 
(mph) 
Annual 
Hours per 
Planter 
Annual 
Independent 
Hours per 
Tractor 
Planting/Tractor 
System Lifetime 
Impact (kg CO2e) 
Lifetime 
impact 
increase 
Productivity 
increase 
Y24 1 5 5 55.0 381.4 4390155 0.0% 0.0% 
Y24 2 5 5 55.0 381.4 4445751 1.3% 0.0% 
X24 2 5 5 55.0 381.4 4584022 4.4% 0.0% 
Y24 3 5 5 55.0 381.4 4684884 6.7% 0.0% 
X24 3 5 5 55.0 381.4 4823663 9.9% 0.0% 
Y24 4 5 5 55.0 381.4 4918362 12.0% 0.0% 
X24 4 5 6 45.8 389.3 5038764 14.8% 20.0% 
Y24 6 5 5 55.0 381.4 5044252 14.9% 0.0% 
X24 4 5 5 55.0 381.4 5061210 15.3% 0.0% 
X24 6 5 5 55.0 381.4 5188464 18.2% 0.0% 
Y24 5 5 5 55.0 381.4 5368911 22.3% 0.0% 
Y24 7 5 5 55.0 381.4 5423600 23.5% 0.0% 
X24 5 5 7 39.3 394.9 5469588 24.6% 40.0% 
X24 5 5 6 45.8 389.3 5481616 24.9% 20.0% 
X24 5 5 5 55.0 381.4 5498455 25.2% 0.0% 
X24 7 5 6 45.8 389.3 5553822 26.5% 20.0% 
X24 7 5 5 55.0 381.4 5563702 26.7% 0.0% 
Y24 8 5 5 55.0 381.4 5799736 32.1% 0.0% 
Y16 1 7 5 58.9 405.1 5828568 32.8% -6.7% 
X24 8 5 7 39.3 394.9 5909955 34.6% 40.0% 
X24 8 5 6 45.8 389.3 5910370 34.6% 20.0% 
X24 8 5 5 55.0 381.4 5910952 34.6% 0.0% 
X16 1 7 8 36.8 425.4 5930398 35.1% 49.3% 
X16 1 7 7 42.1 420.5 5932662 35.1% 30.7% 
X16 1 7 6 49.1 414.1 5935681 35.2% 12.0% 
X16 1 7 5 58.9 405.1 5939908 35.3% -6.7% 
Y16 2 7 5 58.9 405.1 5961996 35.8% -6.7% 
X16 2 7 6 49.1 414.1 6046278 37.7% 12.0% 
X16 2 7 9 32.7 429.1 6048541 37.8% 68.0% 
X16 2 7 7 42.1 420.5 6049051 37.8% 30.7% 
X16 2 7 8 36.8 425.4 6051131 37.8% 49.3% 
 
Table 4.8: Solutions for Case 4 Harvesting Operations 
Combine 
Model 
Quantity 
Required 
Harvesting 
Window 
Lifetime 
Harvesting 
Impact 
% time 
reduction 
%lifetime 
impact 
increase 
A 17 165 12614651 -6.5% 6.9% 
B 15 159 12191984 -2.7% 3.4% 
C 14 155 11796616 0.0% 0.0% 
D 12 166 13573862 -6.9% 15.1% 
E 11 155 12853328 0.0% 9.0% 
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The optimal selection for the planting operation is five Y24 planters each towed by tractor model 
1 at a speed of 5 mph. The feasible results listed in Table 4.7 shows that planter size, obviously 
influenced by maximum lifetime acreage, had the biggest effect on the optimal result. Within 
planter sizes, selecting a tractor with a minimum hourly impact was the second priority. Lastly, 
the feasible planting speed for each planter-tractor pair was selected, opting of course for the 
maximum feasible planting speed to reduce the amount of hours spent planting.  
 
The result of the harvesting operation analysis identifies that the farm should purchase 14 model 
C combine harvesters. The results of Case 3 showed that machines with higher productivity rates 
requiring a lower quantity of duplicate models did not always decrease the total lifetime impact 
due to increased hourly usage rates. The harvesting results of this case show that the opposite is 
not true either. Combine models A and B require a higher number of machines to accomplish the 
workload, but despite their decreased hourly impacts, their fixed impacts are too high and 
therefore result in lower productivity rates and higher lifetime environmental impacts.  
 
4.6 Observations and Trends 
This problem saw many exhausted constraints, but operational limitations on farming equipment 
and productivity considerations account for their necessity. The model could benefit by 
introducing more machine types and machine models. Modeling field tillage or nutrient 
application processes could help more accurately account for the nonspecific designation of 
tractor hours to realistic farming operations.  
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The discrete machine quantities (influenced by each machine’s maximum lifetime usage) affect 
the model selection trends quite significantly. For small farming operations where quantities are 
limited to only 1 or 2 machines, the lifetime environmental impact is most efficiently minimized 
when small tractors are selected. The small tractors have the lowest hourly usage impacts, even 
at high speeds. Once a small tractor and a high speed have been selected, the model just selects 
the largest compatible planter. Unfortunately, large planters pulled at high speeds require high 
powered tractors. This means that often only the small planters with low productivity rates are 
compatible with the selected tractor and speed. Operations with high annual workloads, like the 
farming systems in Cases 3 and 4, benefit from having discrete quantities. Tractor-planter-speed 
combinations requiring low quantities generate optimal portfolios that employ the use of large 
planters and operate them at the highest feasible speed setting capable of the smallest compatible 
tractor. These fleets are good because marginal productivity increases are generally higher in 
magnitude than the resultant marginal increases in lifetime environmental impact. 
 
4.7 Chapter Summary 
The problem formulation was successful in generating feasible, optimal fleet selection and usage 
decisions. The lowest lifetime impact score for a system was not always the same as the lowest 
lifetime score per unit of time. Many of the solutions were capable of large improvements in 
productivity in exchange for a small increase in lifetime impact.  
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Chapter 5 
 
 
5 Conclusion 
5.1 Summary 
The complex method formulated for this system of systems optimization problem used 
environmental impact as the key driver of decision making in a farming operation. Similar 
models generally only sought to optimize profit or costs. Optimal environmental decisions are 
often times the most frugal decisions regardless of financially overbearing accounting practices. 
Minimizing the usage impact, or fuel burn, of agricultural machinery also minimizes the farm’s 
fuel expenses. Maximizing the utility of a limited quantity of machines in a system saves on 
environmental impact from manufacturing while simultaneously reducing purchase demands. 
Incorporating life cycle assessment into the design phase of these machines with lifetimes lasting 
decades, heavy dependence on fossil fuels, and irreplaceable utility can ensure that the 
equipment the dense population of the future will rely on are causing less harm than good.  
 
5.2 Future Research 
The applications of this type of work are relevant for any system with a highly sensitive usage 
phase. Future work optimizing a system’s overall environmental impact may be applicable to 
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transportation system networks for something as small as school bus routing or as big as 
international aircraft fleet management. Environmental impact can be replaced with a different 
metric to optimize things like time in a multi-step manufacturing system, efficiency in a multi-
unit combat operation, resource allocation in a nation’s healthcare system, or electricity 
generation and delivery in a regional power grid.   
 
Introducing a second metric to make the problem multi-objective would further expand its 
applicability to real-life scenarios. Complex systems-of-systems generally have more than one 
major objective. Including productivity, for example, as a secondary objective in the farming 
system case study could reduce the model’s dependency on performance constraints and instead 
determine the optimal solution to be located where productivity losses begin to exceed the 
amount of environmental impact savings.  
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